Insight into the molecular basis of cholecystokinin (CCK) binding to its receptor has come from receptor mutagenesis and photoaffinity labeling studies, with both contributing to the current hypothesis that the acidic Tyr-sulfate-27 residue within the peptide is situated adjacent to basic Arg 197 in the second loop of the receptor. Here, we refine our understanding of this region of interaction by examining a structure-activity series of these positions within both ligand and receptor and by performing three-dimensional molecular modeling of key pairs of modified ligand and receptor constructs. The important roles of Arg 197 and Tyr-sulfate-27 were supported by the marked negative impact on binding and biological response with their natural partner molecule when the receptor residue was replaced by acidic Asp or Glu and when the peptide residue was replaced by basic Arg, Lys, p-amino-Phe, p-guanidino-Phe, or p-methylamino-Phe. Complementary ligand-receptor chargeexchange experiments were unable to regain the lost function.
This was supported by the molecular modeling, which demonstrated that the charge-reversed double mutants could not form a good interaction without extensive rearrangement of receptor conformation. The models further predicted that R197D and R197E mutations would lead to conformational changes in the extracellular domain, and this was experimentally supported by data showing that these mutations decreased peptide agonist and antagonist binding and increased nonpeptidyl antagonist binding. These receptor constructs also had increased susceptibility to trypsin degradation relative to the wild-type receptor. In contrast, the relatively conservative R197K mutation had modest negative impact on peptide agonist binding, again consistent with the modeling demonstration of loss of a series of stabilizing inter-and intramolecular bonds. The strong correlation between predicted and experimental results support the reported refinement in the three-dimensional structure of the CCK-occupied receptor.
Understanding of the molecular basis of binding of a hormone to its receptor can provide key insights into the active conformation of that molecule and thereby facilitate the rational design of new drugs acting at that target. However, most of the approaches that have been successfully applied to the peptide hormone receptors have been indirect. These include ligand structure-activity series, receptor mutagenesis studies, and affinity labeling approaches. Because of the inherent flexibility of most peptides and the current data suggesting that such ligands bind to the extracellular loops and amino terminal tail regions of these receptors, the molecular detail of our understanding is limited.
Each of these approaches has been applied to the type A cholecystokinin (CCK) receptor, a member of the rhodopsin-␤ adrenergic receptor family of G protein-coupled receptors (Ulrich et al., 1993) . This receptor is found on gallbladder smooth muscle, pancreatic acinar cells, some types of enteric smooth muscle and neurons, and specific brain nuclei, in which CCK regulates a number of processes involved in nutrient homeostasis and satiety (Liddle, 1994) . The natural agonist ligand for this receptor is a peptide hormone that occurs in varied lengths; each shares the carboxyl-terminal octapeptide-amide that contains its pharmacophoric domain (Ondetti et al., 1970) .
Application of these methods to the CCK-receptor complex has resulted in general agreement that peptide binding to this receptor is most dependent on perimembranous loop and tail domains (Gouldson et al., 2000; Ding et al., 2001) , analogous to many peptide receptors in this superfamily. However, two quite distinct, detailed, three-dimensional molecular models of the agonist-occupied receptor have been proposed (Ding et al., 2001; Gigoux et al., 1999a) . The major difference between these two models is the position of the docked peptide. Our working model, based on a set of conThis work was supported by grants from the National Institutes of Health (DK32878 to L.J.M. and NS33290 to T.P.L.) and the Fiterman Foundation. straints established by the photoaffinity labeling of a series of receptor residues through specific residues within the pharmacophoric domain of the ligand and complemented by mutagenesis and peptide structure-activity studies, has positioned the amino terminus of CCK facing away from the receptor binding domain and the carboxyl terminus of CCK in approximation with the amino-terminal tail of the receptor just above the first transmembrane segment (Ji et al., 1997; Hadac et al., 1998 Hadac et al., , 1999 Ding et al., 2001 ). The contrasting model has been based exclusively on mutagenesis studies. It has situated the amino terminus of CCK in the position of the carboxyl terminus in our model and has inserted the carboxyl terminus of CCK into the helical confluence (Kennedy et al., 1997; Gigoux et al., 1999a,b) . This aspect of the contrasting model is completely inconsistent with the results of two independent photoaffinity labeling studies, which show clearly that two distinct photolabile residues positioned at the carboxyl terminus of biologically active CCK analogs covalently label Trp 39 near the beginning of the first transmembrane helix (Ji et al., 1997; Hadac et al., 1999) .
Interestingly, both of these models share the prediction that the basic residue in the second loop domain of the CCK receptor, Arg 197 , is positioned adjacent to an acidic residue within the pharmacophoric domain of CCK, Tyr-sulfate-27 (Gigoux et al., 1999b; Ding et al., 2001) . However, the details of the potential interaction between these residues differ substantially in the two models. The present work was directed to refine our understanding of this domain, using the parallel independent efforts of experimental analysis of structure-activity considerations for residues in these key positions and detailed three-dimensional modeling.
Charge-reversed replacements were prepared for acidic Tyr-sulfate-27, including basic nonaromatic Arg and Lys, and basic aromatic p-amino-Phe, p-methylamino-Phe, and p-guanidino-Phe. Replacements within the receptor for Arg 197 included noncharged Ala, similarly charged Lys, and charge-reversed Asp and Glu. Although reversing the charge of the proposed interacting residues within each of these molecules, receptor and ligand, markedly interfered with their functional complementation with the natural partner molecule, none of the charge-reversed pairs provided adequate gain of function to confirm their direct interaction. Rather than ruling out such an interaction, these results probably reflect conformational changes that prevent effective spatial approximation of the residues. Experimental evidence for this included the clear allosteric effect of charge reversal in the position of Arg 197 on facilitation of binding of the benzodiazepine antagonist, L-364,718, that binds within the helical bundle in the lipid bilayer (Smeets et al., 1997) . These mutants also displayed enhanced sensitivity to trypsin degradation relative to the wild-type receptor.
Further evidence for the complexity of the environment of Arg 197 was the negative impact of isocharged replacement with Lys, leading to a modest loss in the binding affinity and biological activity of the natural peptide hormone. This was well explained by the impact on the molecular model in which key inter-and intramolecular bonds that are normally present were lost with this conservative substitution. In this series, there was remarkable concordance between the experimental results and the predicted impact of these structures based on molecular modeling, thus providing experimental support for the currently reported refined conformation of this region of the ligand-receptor complex.
Experimental Procedures
Materials. Synthetic CCK-8 was purchased from Peninsula Laboratories (Belmont, CA). The nonpeptidyl CCK receptor antagonist L-364,718 was kindly provided by Dr. R. Freidinger (Merck Laboratories, West Point, PA). [
3 H]L-364,718 was from New Life Science Products (Boston, MA). Fura-2 acetoxymethyl ester was from Moleculer Probes (Eugene, OR). Trypsin-TPCK was from Worthington Biochemicals (Lakewood, NJ). Anti-hemagglutinin (HA) epitope-peroxidase antibody was from Roche Diagnostics Corporation (Indianapolis, IN). Other reagents were of analytical grade.
Peptide Synthesis. A series of CCK analogs with modifications of Tyr-sulfate-27 were synthesized by solid-and solutionphase techniques, as we have reported for analogous peptides (Powers et al., 1988b) . These included the replacement of the acidic Tyr-sulfate residue with nonsulfated-Tyr, basic nonaromatic Arg and Lys, and basic aromatic p-amino-Phe (p-NH 2 -Phe), p-methylamino-Phe (p-CH 2 -NH 2 -Phe), and p-guanidino-Phe (Fig.  1) . Each peptide was also prepared with amino-terminal extensions of Tyr-Gly to provide a site for radioiodination. Each peptide in this series was purified to homogeneity by reversed-phase high-performance liquid chromatography (Pearson and Miller, 1987) . The identities of the peptides were verified by mass spectrometry. (Powers et al., 1988a; Gaisano et al., 1989; Roettger et al., 1997) .
Peptides were radioiodinated oxidatively using the solid-phase oxidant, iodobeads (Pierce Chemical Co., Rockford, IL), and were purified using reversed-phase high-performance liquid chromatography to yield specific radioactivities of 2000 Ci/mmol (Hadac et al., 1996) . They were used as radioligands in binding assays.
Mutagenesis and Transfection. We prepared a series of CCK receptor constructs in which Arg 197 in the second extracellular loop of the receptor was mutated. These included constructs in which the natural basic Arg residue was mutated to an uncharged Ala, to a similarly charged Lys, or to charge-reversed Asp or Glu. All mutations were prepared using oligonucleotide-directed mutagenesis of the rat type A CCK receptor cDNA (Sculptor System; Amersham Biosciences, Piscataway, NJ). Each had its identity proven by direct dideoxynucleotide chain termination DNA sequencing (Sanger et al., 1977) . The residue numbering scheme used in this work started at residue 16 of the rat CCK type A receptor sequence that was originally reported (GenBank accession number NM_012688) (Wank et al., 1992) , to make this most similar to the CCK receptors subsequently cloned from multiple other species (including man) in which these first 15 residues are absent.
To verify the normal biosynthetic processing and cell surface expression of the mutant receptors by immunohistochemistry, an HA epitope sequence (YPYDVPDYA) was added to the amino terminus of each construct. This modification of the wild-type CCK receptor had no effect on the binding or biological activity of CCK at that receptor (data not shown).
A Chinese hamster ovary cell line stably expressing the wild-type CCK receptor (CHO-CCKR) that has been previously established and fully characterized (Hadac et al., 1996) was used as source of wild-type receptor in the present study. CHO cell lines stably expressing each of the mutant receptors were established in a similar manner to the CHO-CCKR cell line (Hadac et al., 1996) . For this, non-CCK receptor-bearing CHO-K1 cells were transfected with mutant receptor cDNAs subcloned into the multiple cloning site of the pcDNA3 expression vector (Invitrogen, Carlsbad, CA). Neomycinresistant cells stably expressing receptors were selected using G418 treatment. Clonal populations of surviving cells were then further selected by a series of limiting-dilution manipulations, followed by screening for binding of CCK or of the nonpeptidyl antagonist ligand L-364,718. Stable receptor-bearing cell lines were cultured and used as source of mutant receptors in the binding and biological activity assays.
Cell Culture and Membrane Preparation. CHO cell lines were cultured as monolayers in tissue culture plasticware containing Ham's F-12 medium supplemented with 5% Fetal Clone-2 (Hyclone Laboratories, Logan, UT) in a humidified environment containing 5% CO 2 . Cells were passaged twice a week and harvested mechanically before use. Enriched cellular plasma membranes were prepared as described previously (Hadac et al., 1996) . This involved the suspension of the lifted cells in 0.3 M sucrose containing 0.01% soybean trypsin inhibitor and 1 mM phenylmethylsulfonyl fluoride and sonicating in a Sonifier cell disrupter (Heat Systems Ultrasonics, Plainview, NY) at setting 7 for 10 s. The concentration of sucrose in the homogenate was then adjusted to 1.3 M, and it was placed in the bottom of the tube and overlaid with 0.3 M sucrose. This was exposed to centrifugation at 225,000g for 1 h. The membrane band at the sucrose interface was then harvested and diluted with iced-cold water and pelleted by centrifugation at 225,000g for 30 min. Membranes were then resuspended in Krebs-Ringers-HEPES (KRH) medium containing 25 mM HEPES, pH 7.4, 1 mM KH 2 PO 4 , 104 mM NaCl, 1.2 mM MgSO 4 , 5 mM KCl, 2 mM CaCl 2 , 0.01% soybean trypsin inhibitor, and 1 mM phenylmethylsulfonyl fluoride for storage at Ϫ80°C until ready for use.
Immunofluorescence and Confocal Microscopy. To establish appropriate biosynthesis and trafficking to the cell surface of the mutant receptor constructs, COS cells that were transfected with each of the constructs were immunostained with antibody directed to the HA epitope sequence included at the amino terminus. Immunofluorescence confocal microscopy was carried out as described previously (Asmann et al., 2000) .
Receptor Binding Assays. Radioligand binding assays were performed with enriched plasma membranes prepared from the CHO-CCKR cells or the CHO cells expressing the mutant CCK receptors, using conditions that have been previously established and fully characterized (Hadac et al., 1996) . H-L-364,718 were used as radioligands. Membranes (containing 5-10 g of protein) were incubated with a constant amount of the radioligand (1-5 pM for the radioiodinated ligands and 0.4 nM for the tritiated ligand) and increasing concentrations of nonradioactive ligand (ranging from 0 to 1 M). Incubations were performed in KRH medium for 1 h at room temperature. Rapid separation of bound from free radioligand was accomplished with a Skatron cell harvester (Molecular Devices, Sunnyvale, CA), using receptor-binding filtermats. Bound radioactivity was quantified with a ␥-spectrometer or a liquid scintillation counter (LS 6000SC; Beckman Coulter, Fullerton, CA). Nonspecific binding was determined in the presence of 1 M competing unlabeled CCK ligands, and represented less than 15% of total binding. Data were analyzed using the nonlinear least-squares curve-fitting program LIGAND (Munson and Rodbard, 1980) and were graphed using Prism software (GraphPad Software, San Diego, CA).
Biological Activity Assays. The ability of the wild-type and the mutant CCK receptors to transmit a signal was studied using a well characterized assay for agonist-induced stimulation of intracellular calcium accumulation in the receptor-bearing CHO cell lines. Cells were lifted with cell dissociation medium and loaded with 5 M Fura-2 acetoxymethyl ester in Ham's F-12 at 37°C for 20 min, followed by washing with KRH medium. In each assay, approximately 2 million cells were stimulated with varied concentrations of CCK or CCK analogs at 37°C, with fluorescence quantified in an LS50B spectrofluorometer (PerkinElmer, Norwalk, CT). Excitation was performed at 340 and 380 nm and emissions were determined at 520 nm, with calcium concentration calculated from the ratios (Grynkiewicz et al., 1985) . The peak intracellular calcium transients were used to determine the concentration-dependence of the biological responses.
Limited Tryptic Cleavage. Membranes from HA epitope-tagged wild-type and mutant CCK receptors were resuspended in protease inhibitor-free KRH medium and incubated with trypsin-TPCK at a concentration of 50 g/ml for various periods of time at 30°C. The trypsin-treated membrane samples were then solubilized in 1% Nonidet P-40 at 4°C overnight. Wheat germ agglutinin-agarose was added and incubation was continued for another 24 h. The membrane glycoproteins adsorbed to the lectin beads were then resolved on 4 to 12% gradient Bis-Tris NuPAGE gels, followed by transfer onto PVDF membranes for immunoblotting using anti-HA-peroxidase antibody. After being blocked with 5% fat-free milk at 4°C, the blots were incubated with antibody at a concentration of 1:1000 at room temperature for 1 h, after visualization by ECL.
Molecular Modeling. One set of three-dimensional models was generated de novo for the type A CCK receptor-ligand complexes using the two-dimensional projection map of rhodopsin (Baldwin et , 1997) and a large collection of biophysical data as structural constraints, as described previously (Ding et al., 2001) . A second set of receptor models was created with standard homology modeling techniques, using the rhodopsin crystal structure as a template (Palczewski et al., 2000) . Receptor loop conformations in the de novo models for wild-type and mutant receptors were generated using a constrained molecular dynamics technique. Peptide segments corresponding to the amino-and carboxy-terminal halves of each loop were constructed in extended conformation and attached to the ends of the appropriate transmembrane helices. Weak harmonic constraints were applied during the course of short, low-temperature molecular dynamics simulations to close the loop segments, forming a trans amide bond at the ligation site, and to generate the highly conserved disulfide bond observed between Cys 114 at the beginning of the third transmembrane helix and Cys 196 in the second extracellular loop. The constraints were ramped up gradually from 0.0 to 5.0 kcal/mol/Å over the course of a 15-to 20-ps simulation at 30K. CCK analogs were docked manually in the receptor models, starting with the solution phase conformation reported for CCK-26-33 (FournieZaluski et al., 1986) , and using available photoaffinity labeling and other ligand binding data as constraints to facilitate exact placement and orientation. The helical bundle conformation was held fixed in the initial stages of loop generation, but the full receptor-ligand complex was allowed to relax in subsequent refinement stages. Multiple simulation runs were performed to generate a small ensemble of energetically and structurally plausible loop conformations. All manual 3D model building was performed with Eric Swanson's interactive molecular graphics program PSSHOW (Silicon Graphics 4D version). Homology modeling based directly on the rhodopsin crystal structure was performed using the automated side chain placement program SCWRL (Bower et al., 1997) . Docked ligandreceptor complexes were refined with limited energy minimization and low-temperature molecular dynamics calculations using the AMBER 5.0 suite of programs (Pearlman et al., 1995) .
Results

Characterization of the Ligand Binding Profile of the Position 197 Mutant Receptors.
A series of CCK receptor mutants with modifications at position 197 were constructed. Each mutant receptor construct was shown to normally traverse the biosynthetic machinery and to be delivered to the surface of cells, based on immunostaining of the HA epitope tag at the level of the plasma membrane (Fig. 2) . Three distinct types of radioligands were used in binding assays: peptide agonist, peptide antagonist, and nonpeptidyl antagonist. Each of these ligands is known to have distinct determinants of binding (Chang et al., 1986; Miller et al., 1992) . Table 1 describes the binding affinities and apparent B max values for the cell lines expressing each of these CCK receptor constructs, when analyzed with the LIGAND program (Munson and Rodbard, 1980) . As described previously, for each cell line, the B max value for nonpeptidyl antagonist binding was substantially greater than that for peptide agonist. It was easier to establish cell lines expressing larger numbers of binding sites for wild-type and isocharged R197K mutant CCK receptor constructs than for the neutral and reversed-charge mutants. Table 1 includes the binding characteristics for the CCKlike agonist peptide. The reversed-charge mutant receptors R197D and R197E and the neutrally-charged mutant receptor R197A displayed no detectable saturable binding of this ligand. The isocharge mutant receptor R197K retained the ability to bind this ligand, although its affinity was approximately 10-fold lower than that of the wild-type receptor (Fig.  3, top) . Table 1 also shows that charge modification of CCK receptor residue Arg 197 had similar significant negative impact on the binding of peptide antagonist, a ligand known to have less rigorous structural requirements for high affinity binding than the peptide agonist (Miller et al., 1992 (Fig. 3,  middle) .
The binding of the nonpeptidyl antagonist L-364,718 is also shown in Table 1 . As in multiple previous reports (Chang et al., 1986; Talkad et al., 1994a,b; Huang et al., 1994) , the B max values for this ligand are substantially greater than those for the peptide ligands. The most satisfactory explanation for this suggests that some receptor molecules are not folded optimally for peptide binding or are in a privileged compartment not accessible to the more hydrophilic peptide ligand. This is true of naturally expressed receptor as well as recombinant receptor-bearing systems. Unexpectedly, reversal of the charge of receptor residue, Arg 197 , resulted in a modest increase in the affinity of binding of this ligand. The binding affinity of L-364,718 to R197D and R197E mutant receptors was approximately 10-to 15-fold higher than that observed to wild-type CCK receptor. A less prominent increase in binding of L-364,718 was observed to the uncharged mutant receptor, R197A, whereas the isocharged mutant receptor, R197K, displayed slightly decreased binding of L-364,718 (Fig. 3, bottom) .
Characterization of the Ability of the Position 197 Mutant Receptors to Transduce a Signal. Intracellular calcium responses to CCK agonist stimulation was also studied in the receptor-bearing CHO cell lines. The amplification possible in the signaling cascade could make this a more sensitive assay of receptor activation than the binding assay, because low affinity binding is difficult to demonstrate. CCK stimulated the expected increase in intracellular calcium in CHO-CCKR cells in a concentration-dependent manner. Consistent with the absence of CCK radioligand binding, the cells expressing the reversed-charge, R197D, and the neutral, R197A, mutant receptors did not respond to CCK concentrations as high as 1 M. Of interest, there was a small signaling response to the highest concentration of CCK used in the cells expressing the R197E mutant receptor, although this response was only marginally above background noise levels. CCK did stimulate an intracellular calcium response in the isocharge mutant receptor, R197K, but its potency was approximately 400-fold lower than that for the wild-type CCK receptor (Fig. 4) . (Table 2) . Shown in the left of Fig. 5 is the ability of each of these peptides to compete for binding of a CCK-like radioligand to the wild-type CCK receptor. Desulfation of the Tyr-sulfate in position 27 of natural CCK eliminated the acidic charge of this residue while retaining its aromatic character. This reduced the affinity for wild-type CCK receptor by 400-fold. Modified CCK peptides with the basic aromatic analogs, p-guanidino-Phe-27-CCK or p-amino-Phe-27-CCK, substituted for Tyr-sulfate displayed binding affinity to the wild-type CCK receptor that was comparable with that of nonsulfated CCK-8. This was approximately 400-to 700-fold lower than CCK binding to the wild-type receptor. An analog with another basic aromatic substitution, p-methylamino-Phe-27-CCK, displayed an affinity for binding to the CCK receptor that was 1800-fold lower than that of CCK. Replacement of Tyrsulfate-27 with the nonaromatic basic residues Arg or Lys abolished any demonstrable peptide binding to the CCK receptor (Fig. 5, left) .
Characterization of the Biological Activity of the CCK Analogs. The abilities of these CCK analogs to stimulate intracellular calcium responses in wild-type CCK receptor-bearing CHO-CCKR cells were also studied (Table 2 Efforts to Restore the Binding and Biological Activity of the Mutant Receptor Constructs by Complementary Two-Dimensional Mutagenesis. With clear evidence of the importance of the charged residues, acidic Tyr-sulfate-27 within the CCK peptide and basic Arg 197 within the second loop of the CCK receptor, and with evidence supporting the spatial approximation of these residues in the CCKreceptor complex (Ji et al., 1997; Ding et al., 2001) , there is a substantial probability that these residues interact to form an ion pair. This provides an opportunity to test complementary ligand-receptor charge-exchange experiments. Each of the charge-reversed ligands was tested for possible interaction with each of the charge-reversed receptor constructs. Both ligand binding and signaling were studied.
Binding was initially studied in competition assays. Because of the concern that the nonpeptidyl radioligand probably binds to a distinct region of the receptor than the peptide ligands, a more direct assessment of the binding of these ligands was also performed. An amino-terminal TyrGly sequence was added to each of the reversed-charge ligands so they could be labeled via oxidative radioiodination. These radioiodinated ligands were then used in direct binding assays, and no saturable binding was observed to either wild-type CCK receptor or to the Arg 197 reversed-charge mutant constructs.
The reversed-charge CCK analogs were also studied in the biological activity assay. Consistent with the binding data, none of these peptides were able to stimulate an intracellular calcium response in the Arg 197 charge-reversed receptor mutants. This was true even with concentrations as high as 10 M peptide.
Limited Tryptic Cleavage of the Wild-Type CCK and Arg 197 Mutant Receptors. It is possible that the chargereversed double mutations in receptor and ligand fail to exhibit complementation because the R197D and R197E receptor mutations cause significant conformational changes. Based on the differential effects of the receptor mutation for peptide versus nonpeptide ligand binding, this seems to be a distinct possibility. This possibility was further tested with a trypsin digestion assay. HA-tagged receptor-bearing membranes were incubated with TPCK-trypsin at concentration of 50 g/ml for various periods of time. Products of digestion were resolved on 4 to 12% gradient NuPAGE gels, transferred onto PVDF membranes, and immunostained with anti-HA antibody. As shown in Fig. 6 , the wild-type receptor was relatively little affected by trypsin under these conditions; most immunostaining remained at the position of intact receptor after 10 min of digestion. In contrast, R197D and R197E mutant receptors were extensively digested under the same conditions, with approximately 10% of the initial signal remaining at the position of intact receptor. This observation is consistent with the prediction that the mutant receptors would be more sensitive to tryptic digestion because of significant conformational changes in the extracellular domain.
Molecular Modeling. Two molecular models for the peptide-receptor complex were considered initially. One model was generated using standard homology modeling tools and was based directly on the recent rhodopsin crystal structure (Palczewski et al., 2000) . The second model was based on our earlier three-dimensional models for the CCK receptor, which are derived from the two-dimensional projection structure for rhodopsin (Baldwin et al., 1997) and an assortment of biophysical constraints (Hadac et al., 1999) . The helical bundle domain structure is rather similar in both models (the overall helix backbone root mean square deviation for the two models in this region is ϳ3.3 Å), but the extracellular loop conformations differ dramatically between the two models. This is not too surprising, because there is little sequence similarity for the extracellular loops in rhodopsin versus the CCK receptor (alignment in Table 3 ). The rhodopsin homology model possesses a number of structural problems that cannot be addressed easily at this time. After substitution of CCK receptor residues onto the rhodopsin crystal structure backbone, there are 59 serious steric conflicts (36 side chain/backbone and 23 side chain/side chain conflicts) in the helical bundle domain. There are also 19 extremely bad steric contacts (12 side chain/backbone and 7 side chain/side chain conflicts) in the extracellular loop domains which cannot be resolved by the automatic placement program SCWRL or by manual intervention. The side chain/backbone steric clashes in particular can be relieved only if the backbone conformation is modified in these regions. It is quite likely that serious steric clashes in the helical bundle domain can be resolved with modest backbone adjustments, but we have no good experimental data to guide this process at present. The steric conflicts in the extracellular loop domain are more difficult to correct. A large fraction of the residues in the extracellular loops (Ͼ30%) have serious steric conflicts that can be resolved only with significant backbone adjustments. Visual inspection also suggests that there is no logical binding pocket available in the extracellular domain to position the peptide hormone. To verify this observation, we used the automated ligand-docking program DOCK (Meng et al., 1992) to probe the rhodopsin template model for potential binding sites in the extracellular domain. As a control experiment, we also used DOCK to probe the helical bundle domain, to insure that it would correctly characterize the retinal binding site. Indeed, the automated docking procedure identified the retinal pocket and positioned the ligand correctly in the receptor structure (root mean square deviation ϭ 0.78 Å for X-ray versus DOCK-generated retinal position). The automated docking process revealed that there are only three small cavities present in the extracellular domain of the rhodopsin template (Fig. 7) . The largest cavity has a volume of ϳ25 Å 3 (i.e., roughly large enough to accommodate a methane molecule), whereas the other two cavities are ϳ15 Å 3 (i.e., about the size of a water molecule). The homology-modeled extracellular loops position receptor residues involved in photoaffinity labeling of the CCK receptor (Trp 39 and His 357 ) in locations that are inconsistent with previous double-labeling experiments (Hadac et al., 1999) (Fig. 7) . Also, in this homology model, the crucial Arg 197 in the CCK receptor sequence replaces a glycine residue in the bovine rhodopsin sequence (alignment in Table 3 ). There is no sterically allowable position for the arginine side chain in this model other than moving it into the cavity that is analogous to the retinal binding site, in a position inconsistent with all the experimental data generated for this residue in the CCK receptor.
Given the many structural problems with the rhodopsin homology model and the numerous inconsistencies with most of the experimental binding data available in the literature, we chose to use our earlier de novo model of the receptorligand complex for further refinement. Given that our loop conformations have been generated using extensive biophysical data as structural constraints, we feel this is a reasonable choice at this time. Other recent modeling studies have led to comparable conclusions; i.e., the rhodopsin crystal structure probably also cannot be used directly as a template for other G protein-coupled receptor models without some structural adjustments (Gershengorn & Osman, 2001; Nikiforovich et al., 2001) Our newly-refined molecular model for the wild-type receptor-ligand complex shows clearly that a strong interaction can be formed between Arg 197 and Tyr-sulfate at position 27 in CCK (Figs. 8 and 9A Molecular modeling of the R197K mutant suggests that it is able to form only a single charge-reinforced hydrogen bond with Tyr-sulfate in the ligand, and this hydrogen bond is somewhat longer than those observed with Arg 197 in the wild-type receptor (Fig. 9B ). We were unable to form any favorable interactions between Tyr-sulfate in the ligand and the R197A mutant. The R197D and R197E mutants clearly We also generated models for the charge-reversed double mutants studied in the complementation experiments. If we retain a helical bundle conformation representative of the electron diffraction or X-ray diffraction structures for rhodopsin, it is not possible to form reasonable interactions between position 27 in the ligand and residue 197 in the receptor. Figure 9C illustrates an example in which Glu replaces the Arg197 residue in the receptor and Arg replaces the Tyrsulfate residue in position 27 of the peptide. Even if these residues are rotated to low probability (i.e., high-energy) conformations, it is still not possible to form good interactions between these two residues. The situation for substitutions of receptor residue Asp 197 and ligand residue Lys 27 is even more difficult because of the shorter side chains. Only when the entire receptor-ligand complex is allowed to relax with low-temperature molecular dynamics using harmonic constraints to pull Arg 27 in the ligand and Glu 197 of the receptor together can a moderately good contact pair be formed. However, this required the production of an RMS shift of the helix four backbone of 5 to 6 Å and somewhat smaller backbone shifts of 3 to 4 Å for helices five and six, conformational changes that would be expected to disrupt receptor function.
Discussion
In this work, we have substantially refined our insights into the region of interaction between Tyr-sulfate-27, a key acidic residue within the pharmacophoric domain of CCK, and Arg 197 , a basic residue within the second extracellular loop of the CCK receptor. A number of inter-and intramolecular bonds were shown to be present in a highly refined three-dimensional molecular model of this region of the CCKoccupied receptor. In this model, the wild-type receptor can form two strong hydrogen bonds between Arg 197 and Tyrsulfate in the CCK ligand. Arg 197 also forms a hydrogen bond with the receptor backbone, and this additional hydrogen bond anchors the Arg side chain in nearly perfect position to interact with the ligand. Additionally, several aromatic residues in the receptor, particularly Phe 109 and, to a lesser extent. Tyr 339 , form favorable interactions with the aromatic ring of Tyr-sulfate in the ligand.
Perhaps the most interesting and informative receptor construct described herein is the conservative substitution of Lys for Arg 197 . The molecular models suggested that this would diminish the interaction between CCK and this construct but not abrogate it. One reasonable hydrogen bond can still be formed with Tyr-sulfate in the ligand, but Lys 197 is not held nicely in position to interact with the ligand like the wild-type Arg. Consistent with this prediction, there was a moderate decrease in the affinity of binding of CCK to this receptor construct (17-fold reduction) and a more substantial decrease in the potency of CCK to stimulate an intracellular calcium response (400-fold reduction).
The molecular models also predicted that Ala, Asp, or Glu substitutions at position 197 would produce a receptor with marked reduction in the affinity for the CCK ligand. At a minimum, these residues would result in the loss of two charge-reinforced hydrogen bonds that are normally present. Additionally, our models also suggest another possible basis for significant conformational changes in the R197D and R197E receptor mutants. We previously suggested that the amino terminus of the CCK receptor may fold over the top of the receptor, protecting the complex from enzymatic degradation (Ding et al., 2001 ). There are six acidic residues but no basic residues distributed throughout the amino-terminal domain of this receptor. Although we cannot predict exactly how that domain might fold over the top of the receptor complex, it seems likely that at least one of these acidic residues in this region could experience an unfavorable charge interaction with a Glu or Asp residue at position 197 in the second extracellular loop. Such charge repulsion might alter the conformation of the amino terminus, or extracellular loop two, or both. Indeed, the experimental results with these receptor constructs are consistent with these predictions.
The residue in the 197 position within the receptor second loop is a very important determinant of the conformation of the receptor, with far-reaching impact on the binding and action of a variety of distinct receptor ligands. There was a continuum of effects of changing this normally basic Arg residue to a neutral Ala and, ultimately, to an acidic Asp or Glu. Each of these modifications was tolerated by the cellular biosynthetic machinery, being delivered to the cell surface, where differential activity could be assayed. Perhaps most noteworthy was the loss of peptide agonist binding and activity and even the loss of the binding of the peptide antagonist, a ligand that is typically quite tolerant of minor structural changes in the receptor. Further evidence for the impact of the character of residue 197 on the conformation of the CCK receptor was the facilitation of nonpeptidyl antagonist binding to the charge-reversed receptor constructs. Unlike the peptides, which are believed to bind to surface loop domains, this ligand is believed to bind within the confluence 197 charge-reversed receptor mutants R197D and R197E. Membranes from CHO-cells expressing the HA-epitope-tagged wild-type and the R197D and R197E CCK receptor mutants were incubated with trypsin-TPCK at concentration of 50 g/ml for 0, 2, 5, or 10 min. The solubilized and wheat germ agglutinin-purified receptor proteins were resolved by electrophoresis on 4 to 12% NuPAGE gels, transferred onto PVDF membranes, and immunoblotted with anti-HA antibody. The left represents a typical immunoblot showing the limited proteolysis of the receptor constructs. The receptor mutants R197D and R197E showed significantly increased sensitivity to trypsin digestion relative to wild-type receptor. The right includes the densitometric analysis of data from three independent experiments (means Ϯ S.E.M.). DTVSAEKHLSGT --HQGSDFGP of helices within the lipid bilayer (Smeets et al., 1997) . It is possible that Glu or Asp substitution at position 197 altered the amino terminus conformation and interactions with the extracellular loops, thus enhancing access to the nonpeptidyl binding site while simultaneously disrupting critical determinants for peptide binding within the loop domains. Limited proteolysis studies provide further evidence that charge reversal at position 197 had a profound impact on the conformation of the CCK receptor. The R197D and R197E receptor mutants were shown to be much more sensitive to tryptic cleavage than the wild-type receptor. This type of assay has been used extensively as an indication of conformational change (Mandala and Slayman, 1988; Nakamoto et al., 1998) .
Although receptor mutagenesis was limited to the use of natural amino acid replacements, there were more options for the synthesis and chemical modification of the ligand residue. This provided the opportunity to replace the acidic aromatic Tyr-sulfate with a broad variety of replacements. These spanned a spectrum of basic residues from aromatic to nonaromatic molecules. It is noteworthy that the retention of the aromatic nature of the ligand residue in the 27 position was more important than its charge, although there was clear preference for an acidic residue in this position. Replacement of Tyr-sulfate with Arg or Lys was not tolerated at all. Replacement with p-guanidino-Phe-27-CCK and p-amino-Phe-27-CCK resulted in binding affinity to the wild-type CCK receptor comparable with that of nonsulfated CCK-8. An analog with another basic aromatic substitution, p-methylamino-Phe-27-CCK, displayed an extremely low binding affinity to the CCK receptor (2650-fold lower than the affinity of CCK). This series of compounds also supports the critical importance of the ligand residue in the 27 position.
The simultaneous complementary changes in charge of both position 27 in the ligand and position 197 in the receptor were also ineffective. This series of studies was complicated by the inability of the CCK radioligand to bind to the chargereversed receptor constructs. Therefore, investigation of the ability of the charge-reversed peptide analogs to compete for binding used the only radioligand that displayed saturable binding, the benzodiazepine antagonist ([ 3 H]L-364,718). Because this ligand probably binds to a different domain of the CCK receptor than do peptide ligands, it could theoretically miss the type of effect we were hoping to observe in the complementary charge-exchange studies. To circumvent this problem, each of the charge-reversed ligands was also radioiodinated and used in direct binding assays. Unfortunately, no saturable binding was observed, even at extremely high concentrations. Each of these CCK analogs was also used directly in an activity assay that should provide a more sensitive assessment of ligand-receptor interactions. However, there was no evidence that the complementary ex- (Connolly, 1983) , is shown as cyan dots. The internal cavities computed with the DOCK program are displayed in red (retinal binding pocket) and gray (small cavities in the extracellular loop domain). Receptor residues that have been covalently labeled with photoaffinity probes are highlighted in yellow (Trp 39 and His 357 ). The Arg 197 residue in the second loop of the CCK receptor is shown in green, and penetrates the pocket occupied by retinal in the rhodopsin X-ray structure. The molecular models also provide a reasonable explanation for the failure of the two-dimensional mutation experiments. In direct contrast to the ability of our model to accommodate the high-affinity interaction between the residues naturally present in CCK and its receptor, a good interaction cannot be formed when Arg is substituted at position 27 in the ligand and Glu is simultaneously substituted at position 197 in the receptor. These residues are oriented unfavorably, and a moderately good contact pair can be formed only when harmonic constraints are applied during a molecular dynamics simulation to pull the two residues within contact distance. This forced interaction results in a relatively large shift for the backbone of helix four (6Å RMS), with modestly smaller shifts observed for helices five and six. Although we cannot absolutely rule out the possibility of such large helix shifts, recent EPR spectroscopic studies of rhodopsin do not provide precedent for this and instead reveal much smallerscale motions for that protein (Altenbach et al., 1999) .
There have been other attempts to use two-dimensional mutagenesis approaches to gain insight into CCK binding to its receptor. To date, those efforts have also been unsuccessful. In the studies of Gigoux et al. (1999a) , a receptor construct was used that could not even be shown to bind CCK and that bound a nonpeptidyl ligand with an extremely low affinity. In that setting, the investigators attempted to gain insights from the sulfate-selectivity of the competition binding. Because of the very substantial loss in binding energy implied by those data, there can be no way to be certain that the CCK analog was bound in a location that is related in any way to the normal position of the natural ligand.
It must also be emphasized, however, that examples of the successful application of the complementary two-dimensional mutagenesis technique are extremely limited (Strader et al., 1991) . Compensatory changes in ligand and receptor have been documented for small, rigid agonists that interact with the ␤-adrenergic receptor in a binding pocket deep within the helical bundle. Flexible peptide ligands which bind to inherently flexible extracellular loops in the type A CCK receptor pose far greater challenges, because it is difficult to ensure that receptor mutations or ligand modifications will not cause significant conformational changes in such domains.
We have chosen to generate ab initio models for the extracellular loop regions crucial for peptide hormone binding. Our attempts to use the rhodopsin crystal structure directly as a homology template suggest that the CCK receptor loop conformations must be quite different. The rhodopsin loops cannot accommodate a large peptide ligand, because of the lack of a suitable "binding pocket" in this domain. Given the lack of sequence similarity between these two proteins in the extracellular loop regions, and the fundamentally different role that the extracellular loops perform in these two proteins, it is not surprising that the loop conformations are probably quite different. In contrast, we note that the helix bundle conformations are comparable in the rhodopsin crystal structure and our CCK receptor model, suggesting that members of the rhodopsin/␤-adrenergic receptor family probably do all possess reasonably similar seven helix bundle structures.
This careful structure-activity series provides new and important insights into the roles and significance of residue 197 in the receptor and position 27 of CCK. In the wild-type complex, Arg 197 serves as more than just a simple countercharge partner for Tyr-sulfate in CCK. The modeling results suggest that Arg 197 forms a complex set of interactions with both the ligand and neighboring receptor residues, and thus explains why a lysine substitution at this position is less effective. The models also explain why acidic residues in position 197 fail to bind CCK and why they may induce significant conformational changes that render the receptor more susceptible to proteolytic degradation. Finally, the models also provide a possible structural explanation for the failure of the two-dimensional mutation experiments to restore ligand binding. It seems that the chargereversed constructs cannot form a favorable interaction between ligand residue 27 and receptor residue 197 unless largescale receptor conformational shifts are allowed.
